There is a persistent narrative about the potential of Sub-Saharan Africa (SSA) to be a 'grain breadbasket' because of large gaps between current low yields and yield potential with good management, and vast land resources with adequate rainfall. However, rigorous evaluation of the extent to which soils can support high, stable yields has been limited by lack of data on rootable soil depth of sufficient quality and spatial resolution. Here we use location-specific climate data, a robust spatial upscaling approach, and crop simulation to assess sensitivity of rainfed maize yields to root-zone water holding capacity. We find that SSA could produce a modest maize surplus but only if rootable soil depths are comparable to that of other major breadbaskets, such as the US Corn Belt and South American Pampas, which is unlikely based on currently available information. Otherwise, producing surplus grain for export will depend on expansion of crop area with the challenge of directing this expansion to regions where soil depth and rainfall are supportive of high and consistent yields, and where negative impacts on biodiversity are minimal.
Introduction
This paper provides a quantitative assessment of the degree to which major agricultural countries in west and east Sub-Saharan Africa (SSA) can join the ranks of the world most productive crop producing regions. Previous studies [1−4] and popular magazines like National Geographic [5] suggest that SSA, and especially the vast Guinea Savannah zone, could become a future world breadbasket. Breadbaskets are regions that produce a large and stable surplus of one or more major food crops (typically cereals and oilseeds) that not only meet local demand but also can make substantial contributions to food supply in other regions. By this definition, there are only a few major breadbaskets in the world: the US Corn Belt, Brazilian Cerrados, and Argentinean pampas for rainfed maize and soybean [6, 7] , the lowland irrigated river basins and deltas of south and south-east Asia for rice [8] , and the North China Plains, IndoGangetic Plains, central North American Plains, coastal belt of east, south, and western Australia, and central and northwest Europe for wheat [8, 9] . The potential for SSA to be another major breadbasket is suggested by the fact that most of the existing SSA cereal crop land (where nearly all grain is produced under rainfedrather than irrigated-conditions) receives abundant precipitation (> 900 mm per year), equal to or greater than all existing breadbaskets except for the humid tropical lowland rice areas in Asia.
The degree to which crop water requirements are satisfied, however, also depends on evaporative demand (called reference evapotranspiration) and soil capacity to store water, which may be very different in SSA than in other breadbaskets. For example, US Corn Table 1 . Comparison of annual precipitation, annual reference evapotranspiration, and soil plant-available water-holding capacity in the US Corn Belt and Sub-Saharan Africa (SSA). West SSA: Burkina Faso, Ghana, Mali, Nigeria. East SSA: Ethiopia, Kenya, Tanzania, Uganda, Zambia. Sources: US Corn Belt [14] and Global Yield Gap Atlas (www.yieldgap.org) for SSA. For SSA, reported values refer to all locations selected following the Global Yield Gap Atlas protocols in the nine countries. A depth of 150 cm is specified for the US Corn Belt, which corresponds to the depth to which maize roots can grow in the absence of any soil physical or chemical constraint limiting root growth [15] . The range in values for water holding capacity reflects variation in soil texture to that depth. In contrast, with less reliable data on rootable soil depth for SSA, the range in values reflects differences in both rootable soil depth from 50 to 150 cm and the plant-available soil water holding capacity to that depth [16] . Belt soils are deep and of recent origin, and young, laid down during the past 20 000 years, whereas soils in the Guinea Savannah region of SSA are much older and weathered from parent material dating back to the Precambrian era at least 540 million years ago [10] . Given the same soil particle size distribution (called soil texture), weathered tropical soils have water retention properties very different from younger temperate soils, behaving like a clay soil at high soil water content but resembling a sandy soil at low soil water content [11, 12] . Moreover, as described by Nye and Greenland in their seminal book on agricultural soils of west Africa [13] : 'over vast stretches of savannah, the rooting zone is often restricted by the presence of an indurated ironoxide-cemented pan, often referred to as laterite, above the rotting rock'. As a consequence, despite greater precipitation, agricultural soils in SSA typically have much smaller capacity to store water in the rootable soil depth than US Corn Belt soils. Furthermore, evaporative demand as quantified by reference evapotranspiration is substantially larger in SSA, because of mostly tropical and sub-tropical climates (table 1) . The capacity of soils to store water determines the size of the water reservoir, which can support crop growth during periods of water deficit when rainfall does not meet evapotranspiration demand [17, 18] . The size of this reservoir depends on the depth to which roots can grow, as determined by soil physical and chemical properties, and on soil water holding capacity in that root zone, which is largely determined by soil texture. The degree to which soils can buffer against transient water deficits is of particular importance because plants are especially sensitive to short-term water deficits during specific growth stages, such as the period between silking and pollen shed in maize, called the anthesis-silking interval [19−21] . In addition to supporting higher average rainfed yield potential (the yield when crop growth is only limited by water supply), large soil water holding capacity in the root zone also confers greater yield stability due to smaller inter-annual yield variation arising from yearto-year variation in rainfall amount and timing. This is of great importance because yield stability has a large influence on farm income and the degree of risk associated with investments in inputs such as improved seed, fertilizer, and pest control measures. At regional and national scales, yield stability has a large influence on the potential to be self-sufficient in grain production or to be a dependable grain exporter.
Despite the importance of root zone water holding capacity in determining yield potential of rainfed crops and inter-annual yield variation [22] , most previous estimates of SSA crop production potential have relied only on aboveground water balance (i.e. annual precipitation versus evapotranspiration) without considering root zone water holding capacity [1, 3] . In large part this omission reflects the paucity of data on rootable soil depth in agricultural soils of SSA [16] . The objective of this paper is to quantify the effect of uncertainty in rootable soil depth on crop production potential in SSA and the impact of rooting depth on capacity of SSA soils to support high and stable crop yields. To this end, we perform a sensitivity analysis of rainfed maize yield potential for major crop-producing countries of west and east Africa in relation to rootable soil depth to assess the likelihood that SSA could become a future maize breadbasket. Our analysis utilizes recent climate data and extends to 2050, a period in which the magnitude of climate change is projected to be modest compared to subsequent change to 2100 [23] . Likewise, the impact of climate change on SSA crop yields is thought to be mostly negative [24] , so that achieving breadbasket status would be more difficult under climate change than as benchmarked in our study.
Methods
Maize production potential on existing maize land was evaluated in nine countries of SSA (west: Burkina Faso, Ghana, Mali and Nigeria, and east: Ethiopia, Kenya, Tanzania, Uganda, and Zambia) following protocols of the Global Yield Gap Atlas (www.yieldgap.org) established for estimating rainfed yield potential of major cereal crops [25, 26] . These nine countries represent 70% and 65% of total population in West Africa and East Africa, respectively, accounting for about the same proportions of total maize production area [27] , and they contain most of the Guinea Savannah zone within their borders [1] . We focus on maize because of its increasing importance as a staple food crop in this region. For example, in the 2000-2013 period: (i) maize production area increased by 75% in West Africa and 50% in East Africa [27] and this trend is expected to continue [6] , (ii) maize accounted for 8% (West Africa) and 24% (East Africa) of dietary calories [27] , and (iii) maize use for livestock feed is expected to increase more than four-fold by 2050 compared to 2005 [28] . Likewise, the SSA population will more than double during the same time period [29] , driving a dramatic increase in food demand [30] . Rainfed yield potential was simulated with a wellvalidated biophysical crop model [17, 31, 32] at 105 locations in major maize producing regions of these nine countries (figure S1) using local weather, soil, and cropping system data as the basis for simulations. This model has been rigorously evaluated on its ability to reproduce measured maize yields, across a diverse range of production environments where yields ranged from complete failure up to 18 t ha −1 [17, 31, 32] . At least 15 recent years of weather data were utilized for simulations at each location to allow estimation of yield stability, as quantified by the temporal coefficient of variation for yield, due to normal inter-annual variation in weather. Taken together, these 105 locations are representative of 70% of total maize area within the nine countries (table S1) as delineated by climate zones within the geospatial framework of the Global Yield Gap Atlas [26] . Separate simulations were performed at each location for: (i) the dominant maizebased crop sequences (typically one or two), and (ii) the dominant soil types on which maize is grown (typically 3-5). Aggregate estimates for each location were based on weighting for proportion of maize production area with each crop sequence and soil type [26, 33] . Location-specific results were then aggregated to climate zone and national spatial scales following an upscaling approach based on the current distribution of harvested maize area [26, 33] . National maize production capacity was assumed to be 80% of rainfed yield potential [14, 34, 35] on existing maize production area. Details about methods and sources of data are described in the supplementary materials methods section available at stacks.iop.org/ERL/12/114036/mmedia.
Separate sets of simulations were performed with soil depth specified at 50, 75, 100 and 150 cm across all locations, and with a recently completed map of root zone plant available water holding capacity for SSA, which represents the best available data on rootable soil depth in SSA [16] . This recent soil depth database has a number of weaknesses, however, due to lack of adequate underpinning data for key soil properties at sufficient spatial resolution, which makes the estimated rooting depths highly uncertain. Thus, the analysis presented here is crucial for assessing the importance of soil depth in estimating rainfed yield potential and its stability at national to regional spatial scales.
Results and discussion
Soil root-zone depth and maize yield potential Results from this sensitivity analysis showed that median rainfed yield potential with 50 cm rooting depth was only 60% of the yield potential with 150 cm depth ( figure 1(a) ). Even with a relatively deep soil profile of 100 cm, median yield decreased by 15% compared to the typical rooting depth of 150 cm found in most of the US Corn Belt, Argentinean pampas, and northwest Europe wheat belt. Most notable, however, is the sensitivity of maize yield stability to rootable soil depth in these SSA countries. Across all soil depths, the median coefficient of variation ranged from 32% to 62% ( figure 1(b) ). This degree of inter-annual yield variation is comparable to that of harsh, rainfed environments as found, for example, in the driest areas of the western US Corn Belt (figure 2), where 50% of maize area is irrigated to provide stability to annual grain production [36] . In contrast, regions considered breadbaskets for rainfed maize, such as the central US Corn Belt states of Illinois and Iowa, and the Argentinean Pampas, have coefficients of variation in yield less than 25%. Even with the deepest soil profile evaluated (150 cm), only 30% of maize production area in the nine SSA countries have yield and yield stability comparable to those of regions considered breadbaskets for rainfed maize (figure 2), and this proportion decreased to 15% with a rooting depth of 100 cm. Rootable soil depth has a large influence on the simulated maize yields in SSA through the probability of water stress occurring during the sensitive anthesissilking interval ( figure 3(a) ), which is a critical stage for yield formation in maize [19− 21] . Indeed, water stress intensity around flowering explained ca. 60% of variation in rainfed yield potential across the 105 SSA locations and the four rootable soil depths ( figure  3(b) ). Average water stress index (WSI 10 ) during this period more than doubled when soil depth decreased from 150 cm (WSI = 0.14) to 50 cm (WSI = 0.30), highlighting the importance of water storage capacity in the root zone to mitigate yield loss in the tropical wetdry climates that exist in much of SSA with relatively large total annual rainfall.
The next breadbasket?
Aggregated for all nine countries, total annual maize production capacity decreased from 96 Mt to 76 Mt (21% reduction) when rootable soil depth decreased from 150 cm to 75 cm ( figure 4, table S3 ). This reduction represents maize supply for 214 million people and is comparable to the difference in projected total annual maize demand in 2050 for the high (95 Mt) and low (78 Mt) fertility variants of the United Nations (U.N.) population scenarios [29] and per capita maize demand projections from the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT) [37] (table S4) . Using the best available data on soil depth in SSA [16] , total annual maize production capacity is estimated to be 6% greater than projected 2050 maize demand of 86 Mt based on the medium U.N. population projection, and suggests an average rootable soil depth, weighted by current maize production area, of about 120 cm. If, however, average rooting depth is 100 cm or 75 cm, then production capacity falls to 97% and 88% of projected demand, respectively (figure 4). And while the 150 cm rooting depth scenario projects an annual surplus of 10 Mt, the magnitude of this projected surplus is considerably smaller than current annual exports of 40 and 16 Mt from the US and Argentina, respectively (5 yr average, 2009-2013). The high degree of sensitivity in SSA maize production capacity to rootable soil depth highlights the need for accurate maps of rootable soil depth of sufficient spatial resolution to evaluate food security scenarios with an acceptable degree of accuracy [38] . Effect of rootable soil depth on probability of water stress around flowering. Water stress intensity reflects the water stress index (WSI) as simulated by the Hybrid-Maize model [31, 32] , which ranges from 0 (no stress) to 1 (maximum stress), indicating the degree to which daily crop water requirements are met by the available water supply from plant-available water reserves in the rootable soil volume and rainfall during the ±10 day period centered on flowering. (b) Relationship between rainfed yield potential and water stress intensity around flowering for different rootable soil depths. Each data point corresponds to the mean rainfed yield potential for a specific location. Grey shadow represents the 95% confidence interval of the linear regression. Figure 4 . Effect of rootable soil depth on attainable total annual maize production on existing maize area in nine countries in SubSaharan Africa, which are indicated in dark grey in the maps. Estimates of attainable total maize production are based on 80% of simulated rainfed yield potential for major maize producing climate zones in each country and current maize harvested area. Note that circles areas are not strictly proportional to maize production totals. * Projection of total maize demand in 2050 is based on per capita maize demand projections from the IMPACT model [37] and the United Nations population projections [29] using the medium (in bold) or the low and high (values in parenthesis) fertility variants.
SOIL DEPTH
Given these projections, and the goal of food selfsufficiency for SSA as proposed by the World Bank [39] , the analysis presented here confirms the need for substantial acceleration in yield gains and some expansion of both rainfed and irrigated production area to meet cereal demand by mid-century [30] . Annual gain in maize yield of 133 kg ha −1 year −1 is required to support a yield increase from 1.7 Mg ha −1 in 2015 to 6.3 Mg ha −1 in 2050, which is 80% of the average rainfed yield potential with 100 cm rootable soil depth in the studied countries. Although such rapid rates of gain were achieved for some cereal crops in several countries during the green revolution in the last half of the 20th century [35] , it would require more than a four-fold acceleration in the current (2004-2014) rate of maize yield gain in many of these nine SSA countries, with the exception of Ethiopia that achieved an annual gain in maize yield of 160 kg ha −1 yr −1 during this recent 10 yr period [27] . And it is notable these high rates of yield increase occurred in favorable environments for rainfed crop production over a period of several decades (e.g. Argentina and central US Corn Belt). Thus, the challenge for SSA is to increase yields at annual rates similar to those achieved in environments with favorable climate and deep soils, but with the disadvantage of having harsher climatic conditions and reduced water storage capacity in the root zone.
The need for accurate data on root-zone depth While estimates of grain production capacity are necessary to evaluate food security scenarios for SSA, they are not sufficient and must be augmented by analysis of economic, social, environmental and policy constraints for effective prioritization of research and development investments. The analysis presented here focuses on rainfed yield potential, and thus on water as the main limiting factor to crop yields. It assumes that other limiting factors can be overcome with currently available technologies, such as fertilizers to overcome soil fertility constraints, which are recognized as one of the main factors currently limiting crop yields in SSA [40, 41] , and adoption of improved crop varieties [6] . But overcoming these constraints will still come up short with respect to attaining food selfsufficiency if rootable soil depth is less than 100 cm. Moreover, even with soil depth greater than 100 cm, the high degree of yield instability adds substantial risk to investment in these critical inputs. Therefore, estimation of rainfed yield potential and its stability based on realistic assumptions about rootable soil depth is crucial to assess whether SSA can become a breadbasket, self-sufficient, or a major importer of grain, and also to identify regions with greatest opportunities for crop intensification. Such insight would better inform policies and priorities for investment in agricultural research to support agricultural development and to minimize potential negative impact on habitat to maintain biodiversity. It would also help identify current rainfed crop production areas that would benefit most from the development of irrigation, assuming a sustainable supply of irrigation water is available. With concerns about climate change and increasing variability in rainfall amount and timing [42] , irrigated crop production is likely to play an increasingly important role, which would contribute to higher and more stable crop yields [38, 43] .
To this end, a key question is how to design a soil sampling plan for SSA to collect data in areas most relevant to current and future crop production, and where data are lacking or most uncertain. Global databases and spatial frameworks such as those developed in the Global Yield Gap Atlas [25, 26] and AfSIS [16] provide a point of departure to design such a cost-efficient sampling plan by identifying the smallest number of locations required to achieve adequate spatial resolution to cover current SSA crop production area. As shown by previous studies, one cannot assume that other underpinning data used in our analysis, in addition to soil depth, are free of uncertainty (e.g. see [44] regarding weather data). Hence, while we recognize there is room and need for improvement of the underpinning data [25] , the results from our study utilize the best available data and provide strong evidence that rootable soil depth is a major determinant of cereal production capacity in SSA and stability of that production over time due to year-to-year variation in weather.
